We report a clear demonstration of thermal hysteresis and elastic anomaly in the elastic constant, C T , of a shape memory alloy Ni 0:507 Ti 0:493 . The observed hysteresis and anomaly closely match the experimental data from the structural phase transition, the resistivity and the thermoelectric power measurements previously reported. The elastic anomaly was explained using a theory based on the band Jahn-Teller mechanism. The theory allows to predict the detailed nature of the structural transitions and also the symmetry of the Fermi levels.
Introduction
The Ni x Ti 1Àx alloy is well known to exhibit the shape memory effect associated with a CsCl structural phase transition from a high temperature austenitic phase (with a CsCl structure) to a low temperature martensitic phase (with a monoclinic structure) [1] . Seperating these two phases, there exists a transition region, the so-called R-phase [2] [3] [4] [5] [6] .
For an equiatomic NiTi alloy, the temperature range over which this pre-martensitic phase occurs is quite narrow. However, by changing the Ni ratio or by doping Fe or Al, this temperature range can be significantly modified [7] . In this paper, we have measured the elastic properties of Ni 0:507 Ti 0:493 and observed thermal hysteresis of the elastic constant, C T , and the elastic anomaly due to the structural transitions.
Close examination of the elastic anomaly data shows that there exist two distinct temperature ranges. Applying a theory based on the band Jahn-Teller mechanism, we show that the existence of the two different softening regions is closely correlated with details of the structural transitions of NiTi and, thus, allows one to make a prediction on the nature of the symmetry of the Fermi level.
Experiment
Measurements were performed on three different samples of Ni 0:507 Ti 0:493 alloy: as-prepared, mechanically treated, and thermally treated. The samples were made from com-mercially available NiTi alloy with a nominal composition of 50:7% Ni and 49:3% Ti with an estimated error of 0:1%. The material was melted in a carbon crucible and pressed to bars of 35 mm diameter. From these bars, three sheets of 20 mm Â 10 mm Â 1 mm were sparc-cut and annealed at 850 C for 1 h. From one sheet, without further treatment, a thin strip-shaped sample (20 mm Â 1 mm Â 300 mm) was cut with a low-speed diamond saw and polished. The other two sheets were mechanically or thermally cycled before cutting into strips. Mechanical cycling was carried out by bending to an edge-stress of 600 MPa of for N ¼ 2000 cycles. Thermal cycling was carried out between À70 C and 70 C for N ¼ 200 cycles. The elastic constants were measured by a standard pulse-echo technique. An acoustic pulse is coupled to the sample with a piezoelectric transducer. The travelling time t through the sample and back is measured with a digital oscilloscope. From this data, the elastic constants can be calculated for longitudinal and transversal waves.
We have found that, out of the three samples, only the thermally-cycled sample yielded data with acceptable reproducibility. The obtained results for the thermallycycled sample are shown in Fig. 1 . One of the distinct features of the curves is the existence of two clearly different softening phases. The hysteresis region of the elastic constant C T is in agreement with that of thermopower S, although the two different regions of anomaly cannot be observed in the thermopower measurement [7] .
Elastic Anomaly
In this paper, we study the two distinct elastic anomalies of C T data in the cooling cycle using the concept of the band Jahn-Teller effect. A general scheme to calculate such an anomaly in the temperature dependence of the elastic constants due to the d-electrons in the cubic structure has been developed earlier [8, 9] . However, in this paper we extend the scheme to treat the two successive structural transitions in one crystal. NiTi has cubic symmetry in the austenitic phase and trigonal symmetry in the R-phase [2] [3] [4] [5] [6] . Therefore, it is necessary first to consider the transition from the cubic to the trigonal structure [10] . Later, we will consider the transition from the intermediate trigonal to the final monoclinic structure. In a cubic environment, the d-electron states are split into a threefold t 2g and a twofold e g state [11] .
Also, the strain can be decomposed into the Using these expressions, invariant forms of electron-strain Hamiltonians can be constructed when the Fermi energy lies on e g or t 2g bands [12] :
where q lmn ¼ P k C y l ðkÞ C m ðkÞ. G jalm are the deformation potential constants, and l and m are band indices.
From the above Hamiltonians, we can easily see that the cubic to trigonal transition is not possible when the Fermi energy lies on the e g band, since in such a case the Hamiltonian does not contain strain components e xy ; e yz ; e zx , which are necessary for a trigonal deformation [8] . Therefore, the experimental observation of the cubic to trigonal transition provides a direct information that the Fermi energy has a t 2g symmetry [8] . Under a volume conserving trigonal strain (e xx ¼ e yy ¼ e zz ¼ 0, e yz ¼ e zx ¼ e xy ¼ e c ) necessary for the transformation, the Hamiltonian is readily diagonalized to yield
ÞG 5123 . Now, we combine the above results to calculate the elastic softening due to the electronic contributions. The change of the electronic free energy to second order in the ultrasonic strain is given by [13] 
where i is the subband index. For the trigonal strain considered above, the center of energy splitting does not change, so that the first term and the dm contribution are zero. Comparing the above expression with the elastic free energy, we obtain an expression for the elastic change as follows [9, 14] :
where D t 2g ðEÞ is the density of states of the triplet t 2g subbands. Since the trigonal strain affects C 44 only, here we assume that DC T dominantly comes from DC 44 and thus, DC T ' DC 44 [5, 6] . In order to derive an analytic formula for the elastic constant change as a function of temperature, we use a semielliptic form of the density of states for the t 2g subbands, DðEÞ ¼ ð4=pB
, where B is the half-bandwidth of the subband peak considered [15] :
Adding the lattice contribution of the elastic constants, we have the following expression for the temperature-dependent elastic constant:
where C T 0 is the linearly interpolated lattice contribution from high temperature to 0 K, and g is the linear coefficient to the lattice contribution. We consider the cases where the bands are half-filled, because in such cases the softening effect is the maximum [14] . Later, we show that this assumption not only leads to a good agreement between the theory and the elastic measurement, but is also consistent with the thermopower data [7] . Now the above formula can be used to estimate the critical temperature, T M 1 , for the cubic to trigonal structural transition by comparing the free energy at two phases [15] . The free energy difference is given by
where DðE F ; TÞ ¼ Ð DðEÞ @f @E dE, and C T ðTÞ ¼ C T 0 þ gT is the elastic constant without the softening effect. Expanding @f =@E up to T 2 , we obtain Fig. 2 , we show the fitted curve to the experimental result in the austenitite phase. Here, we used T M 1 ¼ 255 K. Other obtained parameters are shown in Table 1 .
In order to explain the second elastic softening, we note that the Fermi level splits further when the trigonal-monoclinic phase transition occurs. A schematic diagram is shown in Fig. 3 . Since the remaining doubly degenerate e g level should split into two singlets, we write
where G d 0 is the effective deformation potential and e 0 c the effective monoclinic strain. This equation again allows to obtain an expression for the temperature dependent elastic constant, where B eg is the half-bandwidth of the e g subband. We can also obtain an expression for the transition temperature for the trigonal to monoclinic transition similarly to Eq. (10) . For this temperature, we choose T M 2 ' 220 K from the experiment as shown in Fig. 2 . These relations allow us to fit the elastic curve from 255 to 240 K for the R-phase as shown in Fig. 2 . The parameters used for the fitting process are shown in Table 1 . We observe that the subband width of the trigonal phase is reduced from that of the cubic phase as expected.
Discussion and Summary
We have observed a clear thermal hysteresis and two distinct softening anomalies in the elastic constant of Ni 0:507 Ti 0:493 . The thermal hysteresis clearly arises from the underlying structural transitions. The most interesting feature is the existence of two distinct softening temperature ranges between the high temperature cubic and the low temperature monoclinic phase. The existence of two regions indicates that there exists only one transitional structure between the high and the low phases. Therefore, we expect that the intermediate R-phase is trigonal instead of tetragonal, because if the transition follows the cubic-tetragonal-orthorhombic-monoclinic channel, then there should be more complicated elastic behaviors than observed. Another important consequence of the two distinct temperature ranges is the constraint on the symmetry of the Fermi level. Only when the Fermi level lies on a t 2g level, a cubic to trigonal transition is possible. Therefore, the elastic measurement allows us to make a unique prediction on the nature of the symmetry of the Fermi levels of the sample. Also, the obtained results on the density of the states closely correlates with those from the thermopower measurement [7] . The thermopower measurement indicates that the Fermi level lies very close to the density of states peak. We found that although the Fermi level is chosen to be located at the peak of the density of states in the fitting process, slight variation of the peak position does not alter the curve sensitively. However, it is found that any offpeak locations far from the peak could not produce reasonable fitting curves. In summary, we have measured the elastic behavior of Ni 0:507 Ti 0:493 as a function of temperature. A careful analysis of the elastic anomaly allows not only to understand the detailed nature of the structural transitions involved, but also to predict the nature of the symmetry of the Fermi levels involved.
This clearly shows that the elastic measurement, which is often regarded as a tool only for continuum and classical properties of the samples, can also be used as a sensitive experimental tool to investigate the microscopic nature of the crystal such as the Fermi level properties, when it is combined with a careful theoretical analysis. 
